Sodium fluoride caused inhibition of growth rate and growth levels of Streptococcus mutans with glucose as the primary energy and carbon source. Stannous fluoride increased growth lag and caused a much greater inhibition of growth rate than did sodium fluoride. Neither compound was found to be bactericidal when culture viability was measured after 6 days of incubation. Leuconostoc mesenteroides, which lacks a phosphotransferase system for sugar transport, showed less inhibition of growth rate with both inhibitors than did S. mutans, which possesses a phosphotransferase system. Metabolism of glucose or lactose which requires enolase activity showed sodium fluoride inhibition, whereas metabolism of arginine or pyruvate does not involve enolase activity and showed no inhibition of growth.
Sodium fluoride caused inhibition of growth rate and growth levels of Streptococcus mutans with glucose as the primary energy and carbon source. Stannous fluoride increased growth lag and caused a much greater inhibition of growth rate than did sodium fluoride. Neither compound was found to be bactericidal when culture viability was measured after 6 days of incubation. Leuconostoc mesenteroides, which lacks a phosphotransferase system for sugar transport, showed less inhibition of growth rate with both inhibitors than did S. mutans, which possesses a phosphotransferase system. Metabolism of glucose or lactose which requires enolase activity showed sodium fluoride inhibition, whereas metabolism of arginine or pyruvate does not involve enolase activity and showed no inhibition of growth.
Streptococcus mutans has received recognition as a primary agent of dental caries, being found at most sites of caries (4) . Although the organism itself does not harm the teeth, it is capable of lowering the local pH below the solubility limit of the teeth. Control of the acid produced would lead to a control of caries. The effect of fluoride in caries control has been historically attributed to hardening of the teeth, but recently advanced theories have suggested the effect may also be due to disruption of the ecological balance in the mouth, through prevention of adsorption of salivary glycoproteins to hydroxyapatite (15) or perhaps by inhibiting growth of S. mutans directly.
Enolase is inhibited by fluoride (20) and is the most fluoride-sensitive enzyme in the glycolytic pathway (11) . Fermentative growth dependent upon glycolysis is thus inhibited by fluoride and blocks phosphoenolpyruvate (PEP) synthesis. S. mutans possesses a PEP:phosphotransferase system (PTS) which both phosphorylates and translocates glucose; phosphorylation is insensitive to fluoride to 10 mM (17 
RESULTS
Many elements have been examined for their inhibitory effects upon caries (3), but relatively few have shown significant results. More than any other element, fluorine has been the subject of attention and investigation. A comparison of growth inhibition of S. mutans by the sodiumhalogen series showed the relative effectiveness of the ion in inhibiting growth (Fig. 1) .
If the pathway used to metabolize a specific energy source does not pass through the enolase conversion of phosphoglycerate to PEP, then an increase in fluoride would not be expected to result in a marked decrease in growth with that Growth was measured as a function of the initial medium pH for a range of concentrations of sodium fluoride (Fig. 3 ) and indicates that a significant increase in inhibition of growth by fluoride can be caused by more acidic conditions.
A range of inorganic salts, some of which are shown in Table 1 , was compared to common fluoride dentifrice agents for its inhibitory effects upon the growth of S. mutans. The most highly inhibitory compounds (Hg2Cl2, Na2AsO2) are also those most toxic to humans. The primary compounds studied for this work, sodium fluoride and stannous fluoride, were only moderately inhibitory. Surprisingly, sodium monofluorophosphate showed no inhibition at the lower values. (Fig. 8) .
No detectable increase in the lag phase was observed for cultures inhibited by sodium fluoride; however, stannous fluoride caused a greatly increased lag period. In an experiment using an inoculum of growing cells, obtained from a steady-state culture in the chemostat, the lag at the highest concentrations of stannous fluoride was measured in hours (Fig. 9) inhibits by competing with magnesium for a cofactor position, zinc, as another +2 oxidation state transition metal, might be expected to show inhibition similar to that of stannous ions. Zinc, however, enhanced rather than inhibited growth.
Growth was measured as a function of time and of inhibitor concentration. The growth rate factor was determnined as the slope of the semilogarithmic plot of growth versus time during the exponential phase. Inhibition of the growth rate as a function of concentration for S. mutans and L. mesenteroides is shown in Fig. 6 .
Growth rate inhibition is not the only effect of the inhibitors. After reaching a maximum, turbidity stabilized at a lower value for the rest of the incubation period (Fig. 7) . DISCUSSION S. mutans has been implicated as the cause of cavities and has always been found at the site of smooth surface caries (10) . Caries may be controlled by eliminating the causative agents. Although fluoride is not bactericidal at concentration as high as 24 mM (2), it may stop or reduce caries without eliminating S. mutans (14) . However, at these concentrations it does affect growth of this organism.
Warburg and Christian (21) showed the sensitivity of enolase to fluoride and suggested the mechanism was due to the formation of a fluorophosphate complex with magnesium, the enolase cofactor. The results of Wang and Himoe (20) show cooperative binding of fluoride and phosphate to enolase in an enolase-magnesiumphosphate-fluoride complex. In this tightly bound phosphate-fluoride complex, enzyme activity is a function of fluoride concentration. Growth in the presence of inhibitor was found to be independent of the magnesium concentration (Fig. 4) . Such a result would be expected if the binding of the complex to the enzyme were irreversible.
A decreased production of PEP through inhibition of enolase would more severely affect the facultatively anaerobic bacteria due to their reliance on the PEP-powered PTS and lower yield of adenosine 5'-triphosphate from glucose (16) than strictly aerobic organisms which generate ample adenosine 5'-triphosphate through respiration.
The presence of sodium fluoride and stannous fluoride decrease the growth rate of S. mutans 0.05 h-1 per 1 mM and 0.2 h-' per 1 mM, respectively (Fig. 6 ). Since the acid produced by the bacteria is the actual cause of cavities (12) , the reduction of acid production as a part of metabolism becomes important. The estimated growth in the mouth is two or three cell divisions per day (18) , as compared to a 2-h generation time observed in this study. Decreasing the generation time and the acid production through the addition of inhibitor might then be dramatic. The marked effect of stannous fluoride on the growth rate with essentially no effect upon growth levels suggests a different mode of action than for sodium fluoride, perhaps upon the PTS in vivo. The delay in growth inhibition caused by stannous fluoride is too rapid for mutation ( Fig. 9 ) and may represent an adaptation of the cell machinery to the unfavorable concentrations of inhibitor present.
Fluoride dentifrices contain 0.1 to 0.2% fluoride, which acts as only 5 to 10 yg/g during brushing (13), yet they can still effect a decrease in caries (1) . Use of 0.5% fluoride gels can be even more effective (8, 9) . Plaque has been found to accumulate fluoride to levels of 9.5 umol/g (net wt) even among people from low-fluoride areas (7) . Higher concentrations are found in plaque exposed to fluoridated water (5). Although only 7 to 10% of this is in the ionic form (19) , a relation with caries control exists. This ionic fluoride plus the reservoir offluoride bound in the plaque and teeth may act in the type of growth indicated above to control caries.
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